The NLST (National Lung Screening Trial) showed reduced lung cancer mortality in high-risk participants (smoking history of Ն30 pack-years) aged 55 to 74 years who were randomly assigned to screening with low-dose computed tomography (LDCT) versus those assigned to chest radiography. An advisory panel recently expressed reservations about Medicare coverage of LDCT screening because of concerns about performance in the Medicare-aged population, which accounted for only 25% of the NLST participants.
T
he NLST (National Lung Screening Trial) reported a reduction in lung cancer mortality in high-risk participants aged 55 to 74 years who were randomly assigned to low-dose computed tomography (LDCT) screening compared with those randomly assigned to chest radiography (CXR) screening (1) . The U.S. Preventive Services Task Force (USPSTF) recently issued a grade B recommendation for LDCT screening for persons meeting the NLST eligibility criteria for smoking history (2) , primarily on the basis of the NLST results. The USPSTF broadened the age criteria modestly to an upper limit of 80 years, based in part on modeling studies (2, 3) .
Several months after the final USPSTF recommendation was released, the Centers for Medicare & Medicaid Services (CMS) convened a Medicare Evidence Development & Coverage Advisory Committee (MEDCAC) meeting to advise CMS on coverage decisions for LDCT screening in the Medicare population. For the question "How confident are you that there is adequate evidence to determine if the benefits outweigh the harms of lung cancer screening with LDCT in the Medicare population?," the MEDCAC panel's average response was 2.2 on a scale of 1 (low confidence) to 5 (high confidence) (4) . The panel members also had an average response of 2.3 to the question of how confident they were that the harms of lung cancer screening could be minimized in the Medicare population.
Some of the concerns expressed by the MEDCAC panel did not pertain directly to age but to more general issues involving quality control of screening and potential "indication creep" (screening being disseminated to lowerrisk populations). However, many of the concerns were directly related to age and the uncertainty about the effectiveness and potential for harms in the population of persons aged 65 years or older (4) . The primary source of evidence for LDCT effectiveness was the NLST, and because only 25% of the NLST participants were aged 65 years or older at randomization, there were reservations about whether the overall NLST results could be applied to the Medicare-aged population. Specific concerns were raised that older persons might have substantially more comorbid conditions, with more harms from diagnostic work-ups, more frequent ineligibility for curative surgery for screen-detected cancer, and increased postsurgical mortality compared with younger eligible persons.
We examine several facets of LDCT screening in the NLST by age group (Ն65 years vs. Ͻ65 years), including participant demographics, screening adherence and results, diagnostic follow-up, performance characteristics of LDCT, treatment and survival of patients with screendetected cancer, and lung cancer mortality. These data will enable a more informed discussion of the relative benefits and harms of LDCT screening in the Medicare-aged eligible population.
METHODS

NLST Design
The NLST randomly assigned persons aged 55 to 74 years to LDCT or CXR screening. Eligibility criteria included a smoking history of at least 30 pack-years and current smoking or having quit within the past 15 years (5). Participant data on medical and smoking history were self-reported in questionnaires. Participants were enrolled at 33 U.S. screening centers during 2002 to 2004 and received either LDCT or CXR screening at baseline (year 0) and annually for 2 more years (years 1 and 2). Blocked randomization was used, with stratification by age, sex, and screening center. The NLST was approved by the institutional review board at each screening center. All participants provided informed consent.
NLST Protocol
The NLST protocol defined a positive screening result as a noncalcified nodule with a greatest transverse diameter of at least 4 mm (5). Other abnormalities, including mediastinal or hilar adenopathy and pleural effusion, could also constitute a positive result. Radiologists reported other findings not related to lung cancer, including emphysema, cardiac abnormalities, and any other clinically significant abnormality. Screening results were classified as positive, negative without abnormalities, negative with minor abnormalities, or negative with clinically significant abnormalities (not suspicious for lung cancer). The NLST radiologists also recorded their recommendations for diagnostic follow-up, which included LDCT at various time intervals, diagnostic computed tomography, positron emission tomography, and biopsy. There was no trial-wide algorithm for diagnostic follow-up, which was conducted outside of trial auspices and managed by participants' personal physicians.
NLST Follow-up and Outcomes
Positive screening results were tracked with respect to resultant diagnostic procedures and cancer diagnoses. In addition, participants were followed with annual surveys to ascertain incident cancer cases in the absence of positive screening results. All reported cancer cases were verified with medical records. Deaths were tracked with the annual surveys and supplemented by National Death Index searches, with an end point verification process used to verify cause of death.
Statistical Analysis
Our analyses involved participants from the LDCT group only and compared baseline characteristics, screening results, and downstream outcomes for the under-65 cohort (aged Ͻ65 years at randomization) versus the 65ϩ cohort (aged Ն65 years at randomization). Results of an analysis of the NLST mortality rate ratios for lung cancer between the LDCT and CXR groups for the 2 cohorts were reported previously (6) .
The proportion of participants adhering to screening, by round, was defined as the proportion of those eligible for a given screening round who were actually screened. Lung cancer was deemed present at a screening if it was diagnosed within 1 year or before the next screening (whichever came first) or, for positive screening results, if it was diagnosed after a longer period but without a gap of more than 1 year between diagnostic procedures. If lung cancer was deemed present, the cancer was categorized as screen-detected (true-positive) if the screening result was positive and false-negative if the screening result was negative. False-positive rates (1 Ϫ specificity) and sensitivity were derived from the aforementioned definitions of truepositive and false-negative results, as was positive predictive value (PPV). Numbers of participants with at least 1 LDCT screening-related event (such as a false-positive screening result or a negative screening result with clinically significant abnormalities) were used to derive frequencies of events per 10 000 NLST participants in each cohort.
Participants were followed until 31 December 2009, death, or loss to follow-up, whichever came first. All-cause and lung cancer-specific survival rates for patients with
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We used chi-square tests to compare baseline factors and characteristics of screen-detected cancer cases by age group. To compare differences by age group in the aggregate rates (across all screening rounds) of screening and diagnostic follow-up results when there were multiple outcomes per participant, we used logistic regression models for repeated measures fit with generalized estimating equations (7). These models included a term for age group only; no other covariates were included because the goal of this analysis was to examine differences between age groups, not to identify causative factors. We used the Kaplan-Meier method to generate survival curves, with differences in survival between age groups assessed by using the log-rank test. All statistical analyses were performed using SAS, version 9.2 (SAS Institute); PROC GENMOD was used for the repeated-measures logistic regression models, and PROC LIFETEST was used for the Kaplan-Meier curves.
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RESULTS
A total of 26 722 participants were randomly assigned to the LDCT group of the NLST (19 612 in the under-65 cohort and 7110 in the 65ϩ cohort). Table 1 shows baseline demographics, smoking history, and comorbid conditions of the cohorts. Compared with participants in the under-65 cohort, those in the 65ϩ cohort were less likely to be current smokers (40.1% vs. 51.0%) and had greater median pack-years (52 vs. 46). The 65ϩ cohort had higher rates of comorbid conditions; history of chronic obstructive pulmonary disease was reported in 17.4% of participants in the 65ϩ cohort versus 11.8% in the under-65 cohort.
Adherence to screening was similar in the cohorts (98.5%, 93.9%, and 92.9% for years 0, 1, and 2, respectively, in the under-65 cohort vs. 98.6%, 94.4%, and 93.0% in the 65ϩ cohort). Table 2 shows the results of the LDCT screening examinations and diagnostic followup. Rates of positive and false-positive screening results were higher at each round in the 65ϩ cohort. Across all screening rounds, the aggregate false-positive rate was higher in the 65ϩ cohort (27.7%) than the under-65 cohort (22.0%) (P Ͻ 0.001). Invasive procedures after falsepositive results were modestly more frequent in the older cohort; aggregate frequencies (across screening rounds) were 2.7% in the under-65 cohort and 3.3% in the 65ϩ cohort (P ϭ 0.039). Complications from invasive procedures after false-positive results occurred at similarly low frequencies for the under-65 (9.8%) and 65ϩ (8.5%) cohorts (P ϭ 0.62).
Sensitivity of LDCT was similar in the cohorts across screening rounds (93.2% in the under-65 cohort vs. 94.3% in the 65ϩ cohort). Despite the higher false-positive rate, the aggregate PPV was higher in the 65ϩ cohort (4.9%) than the under-65 cohort (3.0%) (P Ͻ 0.001) due to the substantially higher prevalence of lung cancer (proportion of screenings with lung cancer present) in the 65ϩ cohort (1.5% vs. 0.7%; P Ͻ 0.001). Raw counts of positive and negative screening results by cancer status in each cohort are provided in the Appendix Table (available at www.annals.org). Table 3 shows LDCT screening results for non-lung cancer findings. Negative results with clinically significant abnormalities were more frequent in the 65ϩ cohort; aggregate frequencies were 9.2% in that cohort versus 6.9% in the under-65 cohort (P Ͻ 0.001). Reported abnormal findings on the screening, including emphysema, cardiovascular abnormalities, and abnormalities above and below the diaphragm, were also higher in the older cohort (P Ͻ 0.001). Table 4 shows findings with respect to screen-detected cancer. Stage and histology did not statistically differ between the cohorts. Similar proportions in each cohort had resection (75.6% in the under-65 cohort vs. 73.2% in the 65ϩ cohort). Among stage I cases, resection frequencies were high in both cohorts (96.9% in the under-65 cohort vs. 93.0% in the 65ϩ cohort). Postsurgical mortality at 90 days was low in each cohort (1.8% and 1.0% in the under-65 and 65ϩ cohorts, respectively; P ϭ 0.81).
Among screen-detected cancer cases in the 65ϩ cohort, we further stratified participants into subgroups of those aged 65 to 69 years (n ϭ 136) and those aged 70 years or older (n ϭ 144) at diagnosis. The 65-69 subgroup had a borderline statistically significantly higher resection rate (77.9%) than the 70ϩ subgroup (68.8%) (P ϭ 0.083). The Figure shows all-cause survival for participants with screen-detected cancer in these 2 subgroups as well as the under-65 cohort. Median follow-up for participants who survived was 5.3 years in the under-65 cohort, 5.6 years in the 65-69 group, and 4.9 years in the 70ϩ group. Five-year all-cause survival was 60.2% in the 65-69 group versus 50.0% in the 70ϩ group (P ϭ 0.018) and was 55.1% in the entire 65ϩ cohort compared with 64.1% in the under-65 cohort (P ϭ 0.018). The corresponding values for 5-year lung cancer-specific survival were 67.5% for the under-65 cohort, 66.7% for the 65-69 group, and 56.5% for the 70ϩ group. Table 5 shows the number of screen-related outcomes per 10 000 participants in the under-65 and 65ϩ cohorts. Participants in the older cohort were more likely to have a false-positive screening result (4145 vs. 3474) and a subsequent invasive diagnostic procedure (242 vs. 162). They were also more likely to have a negative screening result with clinically significant abnormalities. Screen-detected cancer was about twice as frequent in the 65ϩ cohort (394 cases) than in the under-65 cohort (188 cases), and lung cancer deaths were 2.4-fold as frequent in the older cohort (304 vs. 129).
DISCUSSION
In general, cancer screening is more efficient in higherrisk populations because persons can benefit from it only if they develop the cancer of interest, whereas the harms of screening are usually relatively constant across the cancer risk spectrum. After smoking, arguably the next most important risk factor for lung cancer is age. Seventy percent of all U.S. lung cancer cases are diagnosed at age 65 years or later, and the relative risk for lung cancer for persons aged 75 to 79 years compared with those aged 50 to 54 years is 8.7 (8). Our analysis showed that the PPV, a mea- Original Research National Lung Screening Trial Findings by Age sure of screening efficiency that is related to prevalence, was higher in the 65ϩ cohort (4.9%) than the under-65 cohort (3.0%); furthermore, the frequency of screendetected cancer was twice as high in the 65ϩ cohort. A prior analysis of NLST data showed an excess of 54 lung cancer deaths (27.5 per 10 000 participants) in the CXR group versus the LDCT group in the under-65 cohort compared with an excess of 29 (40.8 per 10 000 participants) in the 65ϩ cohort (6) . These translate to numbers needed to screen to prevent 1 lung cancer death of 364 and 245, respectively. These numbers suggest that LDCT screening may be more efficient in persons aged 65 years or older than in the younger (aged 55 to 64 years) eligible population. However, if the harms of screening disproportionately affect the older population or the benefits in terms of mortality reduction are attenuated in that population because of several possible factors, the advantage in terms of screening efficiency for the 65ϩ cohort versus the younger population could be mitigated. We observed a modestly higher false-positive rate in the older cohort than in the younger cohort. Other studies have found a similar increase in the LDCT false-positive rate with age (9, 10). Overall, an additional 671 per 10 000 NLST participants in the 65ϩ cohort had at least 1 false-positive screening result, and an additional 80 had a subsequent invasive diagnostic procedure, with 29 of these being surgical procedures. This excess, however, should be viewed in the context of the higher rate of screen-detected cancer and the lower number needed to screen in the older cohort. When we examined the number of invasive procedures after a false-positive screening result per lung cancer death averted, where the latter was computed as the excess of lung cancer deaths in the CXR versus LDCT group, we found similar ratios (5.9 [242 / 40.8] in the 65ϩ cohort vs. 5.9 [162 / 27.5] in the under-65 cohort).
A specific concern of the MEDCAC panel was that elderly patients in the general population might be screened and then would not be able to have curative resection or could have high surgical mortality if they did receive such treatment. This was not seen in the NLST. Among patients with screen-detected cancer, resection rates were similar by age. Five-year overall survival was modestly higher in the younger cohort (64% vs. 55%), and surgical mortality rates were low in both cohorts.
Age-related increases in surgical mortality after lung resection have been reported in the literature. In a study from the Nationwide Inpatient Sample database, which reflects a cross-section of U.S. hospitals, the risk for inhospital mortality in patients having resection for lung cancer ranged from 2.3% to 4.0% depending on surgical specialty and increased steadily with age, with odds ratios of 1.40, 2.44, and 3.14 for patients aged 51 to 70 years, 71 to 80 years, and 80 years or older, respectively, compared with those younger than 50 years (11) . A study that used the Society of Thoracic Surgeons General Thoracic Surgery Database, which represents surgeries done by dedicated thoracic surgeons primarily at tertiary centers, found odds ratios of 1.84 and 1.23 for surgical mortality and major morbidity, respectively, for each 10-year increase in age; perioperative mortality was 2.2% and major morbidity was 7.9% overall (12) .
Other patient-specific variables in addition to age have been reported to affect outcomes of lung resection, including chronic lung disease and other comorbid conditions (12) . Because of a possible "healthy volunteer" effect, NLST participants may have had fewer comorbid conditions than the general U.S. population of persons at high risk for lung cancer, which may explain their lower surgical mortality rates and lack of difference between age groups.
To assess the healthy volunteer effect, we analyzed data from the National Health Interview Survey (NHIS) by using the tobacco-related questions to identify the NHIS LDCT ϭ low-dose computed tomography. subset meeting the NLST eligibility criteria for smoking history (13, 14) . We compared rates of several comorbid conditions that were inquired about in both the NHIS and the NLST. Among those aged 65 to 74 years, NHIS participants had substantially higher rates of emphysema (20.5% vs. 11.1%), heart disease (30.8% vs. 18.1%), and diabetes (25.1% vs. 11.2%). Participants in the under-65 NHIS cohort (aged 55 to 64 years) also had higher rates of these conditions (11.3%, 25.9%, and 21.1% for emphysema, heart disease, and diabetes, respectively, vs. 6.5%, 11.1%, and 9.2%, respectively, in the NLST). Therefore, the NLST probably had a healthy volunteer effect in both the 65ϩ and under-65 cohorts. Self-selection (among NLST-eligible persons) of healthier or more healthconscious persons for LDCT screening, including those aged 65 years or older, could also occur in the population setting as LDCT disseminates more widely, but the effect may be less pronounced than in the NLST.
In the NLST, we did not find lower surgical resection rates in the 65ϩ cohort, possibly due to a healthy volunteer effect. The extent, if any, to which resection rates in general population screening will be lower for persons aged 65 years or older compared with younger persons is uncertain, as is the potential effect of any reduction in resection rates on LDCT screening benefit. Although lobectomy is the standard surgical procedure for resection of early-stage lung cancer, other procedures with lower risk in older patients may be more appropriate, including sublobar resections for tumors less than 1 cm in diameter, lobectomy performed by video-assisted thoracoscopy, or stereotactic body (or ablative) radiotherapy for medically inoperable patients (15) (16) (17) (18) (19) (20) (21) .
A limitation of the NLST is that the upper age limit at randomization was 74 years and was effectively 76 years at the final screening. This precluded an analysis of how persons in their later 70s and 80s fared with LDCT screening. Also, because of small numbers of events, the study had limited statistical power to detect small but potentially clinically important differences by age in complications of diagnostic procedures and postresection mortality.
It is difficult to predict how LDCT screening for lung cancer will disseminate in the Medicare-eligible population, regardless of whether it is covered by Medicare. Its use may spread to persons with little chance of benefit and some chance of harm, although this risk exists for those in younger age groups as well. Going forward, monitoring and assessing the relative performance of LDCT screening in older persons will be critical to more fully understand its risks and benefits when it is done outside the clinical trial setting and to modify recommendations on the basis of the evidence if needed. Original Research National Lung Screening Trial Findings by Age
